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SUMMARY 


A concept for a new scramjet engine design Is presented. This engine has 
a projected capture area which Is rectangular In shape with a center body which 
has a 20® Included angle cone followed by a constant diameter cylinder. The 
Inlet leading edges are. In general, swept from top to cowl with notches In all 
leading edges. The method of design of the Inlet Inner surface Is that of 
streamline tracing. The Inlet transforms the rectangular capture stream tube 
Into a cross section which Is almost circular shape at the strut leading edges. 
The high pressure and temperature regions of the combustor are almost circular 
In shape and, thus, the benefits of hoop stresses In relation to structural 
weights can be utilized to reduce combustor and engine weights. The fuel 
struts, which are located In a radial array at the throat of the Inlet, pass 
from the center body to the Inlet Inner surface and are swept 54* relative to 
the center body. Strut length to maximum average thickness ratios are between 
5.6 and 6.6, which are felt to be structurally reasonable. Strut leading edges 
lie on a surface which Is swept from engine top to the cowl to facilitate flow 
spillage out through the bottom of the Inlet during Inlet start and normal 
o.'eratlon. For M^ * 6.0 and M^ = 5.58, the ratio of combustor wetted area 

to cowl area of the new engine concept Is 5.54 as compared to 7.6 for the all 
rectangular module; for M^ = 4.0 and M^ = 3.54, the ratio of combustor 

wetted area to cowl area Is 10.07 as compared to 12.86. This decrease In 
combustor wetted area Is offset sanewhat by an Increase In Inlet wetted area. 
Proof of the correct Inlet and combustor configuration can only be accomplished 
through experimental testing. 


INTRODUCTION 


To minimize vehicle requirements such as gross weight and fuel load for 
performing a mission, the scramjet engine should have at least three desirable 
characteristics (ref. 1). First, the engine performance should be good over 
the desired Mach number range; second, the engine should be able to cool Itself 
regeneratively; and third, the engine should be light In weight. Also, for a 
scramjet engine other desirable engine characteristics are that the engine be 
fixed geometry, self starting, and have Inlet entrance and nozzle exit shapes 
which permit the engine to be Integrated Into a typical aircraft configuration 



(ref. 2). Evaluation of engine performance should be from the viewpoint of 
installed performance as indicated in the investigations of references 1 
through 5, 

A candidate for the desired engine is the Langley scramjet engine module 
discussed in references 2 through 8. This engine module is Nxed geometry with 
a cross-sectional shape that is rectangular and side walls that are swept 
planar surfaces. The inlet is self starting (refs. 6 and 7) and estimates of 
installed performance (ref. 4 for « 5 to 7) and engine cooling (refs. 2. 3, 

and 5) indicate the Langley scramjet modular engine will satisfy both the 
performance and regenerative cooling requirements for long range hypersonic 
flight. In order to satisfy regenerative cooling requirements, fuel Injection 
struts are used to shorten the combustor and reduce combustor wetted areas 
(ref. 3); when possible supersonic canbustion is used instead of subsonic 
combustion and inlet contraction ratio is below 10 (refs. 2* 7, and 8). Two 
tesic characteristics of the Langley scramjet engine module design result in 
its satisfying the engine aircraft integration requirements. First is the 
rectangular shape of the engine making it possible to capture all the flow 
(for maximum between the forebody and forebody shock. Second is the 

rectangular shaped combustor exit which makes possible the use of an aircraft 
afterbody for the nozzle (refs. 2, 5, and 8). 

In considering the weight of the fully rectangular engine module, one 
important aspect is the fact that the internal surfaces of the engine are 
formed by flat panels which lead to relatively high structural weights in order 
to keep panel deflection down. Surfaces with circular or almost circular cross 
section can be significantly lighter. In fact, preliminary engine weight 
estimates (by L. R. Jackson of Langley) for a large-scale (89-1nch-high) 
version of the fully rectangular engine module as compared with a similar 
engine but with a circular combustor, revealed as much as a 28 percent total 
weight differential. These weight estimates are preliminary in nature, but 
they still suggest a possibility of considerable weight savings and the 
potential to operate at higher flight dynamic pressures. Therefore, it becomes 
desirable to consider a new engine design with a rectangular capture and 
exhaust area, but with circular internal cross sections, or at least a com- 
bustor with essentially circular cross sections. It is desirable to accomplish 
this weight savings without a penalty in performance. 

A conceptual design has been completed for such a new scramjet engine 
concept (figure 1) labeled the "Rectangular Capture Area to Circular Combustor 
Scramjet Engine". This new concept has a projected capture area (on a plane 
no^l to the vehicle's forebody surface) which is rectangular in shape 
(figure 1(b)) with a center body which has a 20* included angle cone followed 
by a constant diameter cylinder (figure 1(c)). The inlet leading edges are, 
in general, swept from the engine top to cowl (figure 1(a)) with what are 
called notches in all leading edges. The design of the inlet inner surface 
allows for transformation of the rectangular capture area at the inlet entrance 
into an almost circular cross section (projected on a plane normal to the 
center body axis) in the strut region. The combustor passes from the almost 
circular cross-sectional shape of the strut region to a circular shape at the 
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combustor exit (projected on a plane normal to the centerbody axis). The 
Internal portion of the nozzle Includes a transition section from the circular 
shaped combustor exit back to a rectangle, which makes H relatively easy to 
use the aft portion of the vehicle as part of the nozzle. The fuel struts, 
which are located In a radial array at the throat of the Inlet and at the 
j entrance of the combustor, pass from the center body to the Inlet Inner surface 

i and are swept from center body to the Inlet Inner surface (fIn'Te 1(c)). 

;j • Adjacent struts are staggered relative to each other so that the leading edges 

1 lie In a surface which Is swept from the engine top to the cowl to facilitate 

, flow spillage through a hole In the cowl during inlet start and normal 

operation. 

k 

‘ Because the cross-sectional shape of the combustor has changed from rect- 

to circular, It becomes also necessary to consider the combustor design 
i1 X with a new Inlet (or engine) design. Therefore, a discussion 

I of the new scramjet engine design Is presented which Includes a detailed 

i, discussion of Inlet, strut and combustor designs. Also Included are compar- 

il Important engine characteristics of the new concept with the 

I like features of the rectangular combustor engine. 


.1 SYMBOLS 

J 




. - 1 } 

I 




A area 

G gap between struts In the Inlet throat 

H Inlet entrance height 

L combustor length 

Lg length of Inlet flow spillage hole 

t the distance In the direction of the Inlet entrance flow measured 

from a line which joins the midpoints of the constant geometry 
Inner surface In the region where the struts Intersect the Inner 
surface. 

m mass flow 

M Mach number 

P static pressure 

R radius (figs. 2(a) and 2(b)) 

T static temperature 

U flow velocity 


3 





1 -' ''r: ^rr''~ . .. . ^ ~ _ _ 



inlet entrance width 

width of inlet flow spillage hole 

coordinate parallel to inlet entrance flow (fig. 2(b)) 

most forward axial point of two adjacent struts being considered 

midpoint of constant geometry inner surface in the region where 
the struts intersect the inner surface 

vertical coordinate perpendicular to inlet entrance flow (fig. 2(a)) 
horizontal coordinate perpendicular to inlet entrance flow (fig. 2(a)) 


angle defined in figure 2(a) 
di splacement-thickness 
density flow 


fuel equivalence ratio 

fuel equivalence ratio of fuel burned 

combustion efficiency 


Subscripts 

cowl 

inlet leading edge 
inlet spillage 
total 

free stream 

inlet entrance station 

inlet throat or combustor entrance station 

combustor exit station 


P *9i' 


ENGINE DESIGN 


The annular shape of the cross sectional area botween the forebody shock 
anrf a tvDical Vehicle's forebody suggests that a scrainjet engine module s 


Inlet Design 

The Inlet design has two parts: first, the transition section which 
transforms the rectangular capture stream tube Into a cross section which U 
almost circular, and second, the fuel Injection struts. 

Transition Section 

A review of references 9 through 14 suggests the use of the method of stream- 
line tracing to design the Inlet. This method consists of first computing an axl- 
symmetrlc Internal compression field with, for the present design, a 
bodTto eliminate the undesirable condition of normal shock waves , 

symmetry (using an extension of the analytical techniques of ref. 15). The conical 
angles of the outer shell and center body as well as the center body 
chosen to limit flow turning angles through the shocks at points whero shocks 
Intersect with surfaces to approximately 8® for the Incident and 8 ^® 

reflected Shocks; this limit of 8* Is the result of an attempt to limit 
boundary- layer separation (ref. 16). The streamlines of 

forebody capture flow (fig. 2(a)) are llte/contoir 

the Intersection of the leading edge of the fuel struts with t*}® 

(fig. 2(b)). The Inlet leading edges are determined from the Intersection of 

the forebody rectangular capture tube with g q\ 

axlsymnetrlc flow field at the design Mach number (chosen to be = 6.0). 

The cross-sectional shape, as defined by the ftreamllnes. 
essentially rectangular In shape through the Inlet to Jf’® 
struts (fig. 2(c)). However, for the present engine the cross section 4t the 

fuel strut leading edge Is modified so as to be an 

section. In general, the Inlet Inner surfaces S the 

series of planes (at different values of 8) through the axis of 
center body and various points on the Inlet leading edge. A Straight 1^*'® 
then passed from each of these points on the cowl leading edge to a correspond- 
ing point at the station where this plane cuts the circular-type cross section 
at the strut leading edge. 

Using the streamline technique, the flow field (fig. 2) fry; which tte 
preliminary Inlet contour (or transition section) was obtained is generated for 
a design Mach number of M, =6.0 by using an Internal ®°I® . 

R/H =asl2) with a 5® cone 'angle and a cylindrical center body (radius of 
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R/H =0.215) with a 20® Included angle cone tip located at X/H « 0.472. All 
lengths are nondimenslonallzed by engine height. The rectangular-shaped 
capture flow stream tube has a width of W/H = 1.019 and Is shown in fig- 
ure 2(a) superimposed on the « 6.0 conical flow field. The streamlines 

of this rectangular shaped stream tube are then traced through the » 6.0 

conical flow field (fig. 2(b)) until a one-dimensional contraction ratio of 
accomplished; In the conical flow field this occurs at 
X/H » 3.474. The capture flow stream tube at the X/H = 3.474 station Is 

essentially rectangular (fig. 2(c)) In cross section (A/H^ = 0.330). All areas 
are nondimenslonallpd by the square of the engine height. This rectangular 
type cross section Is then approximated by two slightly offset Intersecting 

® slight Increase In area (A/H^ = 0.355). The 
radius of the upper circle Is 0.339 and the lower circle Is 0.368, and they 

-163.94®. Most of this Increase In area occurs 
Possible high local pressures due to the dowh- 
turnlng of the flow by the Inlet's swept leading edges during off-design 

of the flow through a spillage hole which 
u Son* region. This almost circular cross-sectional shape 

! swept (In a manner to be discussed along with strut design) and becomes the 
projected contour of the Inlet surface at the strut leading edge. 

leading edges are defined as illustrated In figures 2(a), (b), 
rinw example, from figure 2(a) point A on the rectangular capture 

n/H*S ^ ® conical flow field 

hi cpfS fl! co»'i:espond1ng Y/H of 0.632. From figure 2(b) It can 

S/H ! S mil Shock at R/H = 0.812 from the axis of symSetry Is at 

D/u procedure for point B with 3 « 0® shows 

Mint ^ 1-357. Repeating the procedure for 

0 848 /'ll “ ol* “°‘358 and X/H of 

0.848. These three leading-edge points are on the side wall leadina edae and 

figure 2(d). The off set of the rectangular capture 
^^® conical flow field (shown In fig. 2(a)) 

tnJ linim the general sweep twe nature of the Inlet leading edges from engine 
top (polnj. A) to cowl (point B) as shown In figure 2(d). The turning angle of 
the flow by a shock at the point where the shock Intersects with a surface Is 
shown In figures 3(a) (for » 4) and 3(b) (for ^ 6) to be leS thSn 8® 

(weak shock turning) In order to limit boundary-layer separation. 

mentioned tefore, the Intei.ial contour of the Inlet Is defined bv 
passing a series of planes (at different values of 3) through the axis of 
symmetry of the center body and various points on the Inlet leading edae 
iSfUf cuts the swept near circular cross section along the strut 

lading edges, a straight line Is passed from the cowl leading edge point to 

®S^^® l®®dlng edge. Thi; procldSrrifJsy?o 
s Internal contour for all values of 6 except for those 

ners^the^stra1aht^^ne%^i^^ i” w<® vicinity of the cor- 

Lr"®,.! ,, 5ht line from Inlet leading edge to strut leading edae Is altered 

tV oo?d ; eV f R/H® T/h 'f!®' cSfs'le?JloSs' 

ic coorui nates vp> K/H$ a/Hi Y/Hj dnd Z/H) Of the lines f^om inlfif I^Ari'tnn 
edge to strut leading edge used to define the Inlet's Internal contour are^ 
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presented In Table I. A comparison Is presented In figure 4 of a portion of 
these longitudinal cross-sectional Inlet lines with the corresponding cross- 
sectional lines generated by following the rectangular capture stream tube 
through the conical flow field. 

The size of the spillage hole Is governed by the requirement that the 
present engine have approximately the same spillage schedule as a function of 
M.| as the Langley scramjet engine module. For *4.0 reference 4 shows 

that 23 percent of the possible capture flow Is spilled by that Inlet. The 
size of the spillage hole for the present design Is approximated by balancing 
the pressure and flow direction between Internal and external flows at the 
forward lip of the spillage hole. The external Mach number Is 4.0 and the 
distribution of the Mach number and pressure ratio on the Internal surface of 
the cowl (on the 3 ® -90® plane) Is presented In figure 5. The arithmetic 
average of the highest and lowest values of the Internal Mach number distribu- 
tion presented 1n figure 5 Is 2.70 and the pressure ratio corresponding to a 
Mach number of 2.73 Is 5.54. In matching the pressure ratio and flow direction 
at the forward lip of the spillage hole, the Internal flow has to be subjected 
to an expansion fan and the external flow has to be subjected to a compression. 
Subjecting the Internal flow to an expansion fan of 10® gives a pressure ratio 
of P/P^ a 2.53 and a downward flow direction toward the cowl of 10®. Sub- 
jecting the external flow at the spillage lip to a shock with 10* turning gives 
a pressure ratio of P/P^ = 2.50 and a downward flow direction from the cowl 

of 10®. The width of the spillage hole Is taken as W5/H « 0.78. Therefore, 
Its length Is given by: ^ 



Where A^^j^2 Is the nondimenslonallzed capture area (value of 1.019) and W^/H 

Is the nondimenslonallzed width of tte spillage hole. The mass flow per unit 
area ratio Is given by: 


(pu)5 

(py)«l 



Kb) 




M, 


3.29 


4.0 



1.33 


'1 


Pi 


1.89 


ICf ItliJ spillage parameters to the station 1 parameters correspond to 

with upstream Mach number of 4.0. A 

similar type of calculation for the case where M, « 6.0 revealed the hole for 
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M^ » 4.0 to be the larger. It must be pointed out that this Is a very approx- 

the correct size of the spillage hole for Inlet starting and 
operation will have to be determined experimentally. ^ 

Strut Design 

The strut design chosen satisfies three Inlet aerodynamic requirements, a 
structural requlr^ent, and a combustor wetted area requirement. Essentially. 

followed In obtaining a satisfactory strut cross section and 
mentj satisfying the Inlet aerodynamic requlre- 

arS^LtlsfW the remaining strut design requirements 

It® 1? aerodynamic requirements of the strut design pertain 
to the value of the throat Mach number at a design Mach number M, « 6.0, the 

swept shock detachment schedule as a function of Mach number M^ and the 

edge Mach number for which supersonic flow could be 
established between two adjacent struts. 

assumed that both the Mach number In the throat of the Inlet at a 
design Mach number of M.j » 6.0 and the swept shock detachment schedule as 

entrance Mach number should be approximately the same as 

J ki module. The throat Mach number and the 

shock detachment schedule for the Langley scramjet engine module (refs. 4 and 7) 

all shocks are attached 
the third shock Inside the struts Is detached 
the second shock inside the struts Is detached 
the strut leading edge shock is detached 

®^^® should not be less 

than 12 (6 half angle) otherwise, the strut will become too thin structurally 

mpnf^srhoXn?*^^ matching of the design throat Mach number and the shock detach-* 
ment schedule are a function of the strut leading-edge Mach number, strut 
leading-edge compression angle and the sweep of the strut 


0) 
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Typical distributions of Mach number as a function of Radius, generated 
fbr the present engine by conical flow computations In the region of the strut 
leading edges, are presented in figure 6 for M^ values of 4.0 and 6.0. The 

maximum and minimum Mach number of the flow at the strut leading edge are 
presented In figure 7 as a function of Inlet entrance Mach number. It Is 
assumed that the strut leading-edge Mach number of the present engine Is equal 
to the arithmetic average of the high and low values bf figure 7, The maximum 
strut sweep angle Is presented In figure 8 as a function of strut leading-edge 
Mach number, strut leading-edge half angle, and the number of the shock for 
which swept shock detachment occurred. The case for a strut leading-edge 
Included angle of 12** shows swept shock attadmient present up to a sweep angle 
of 60® for M^ = 6.0. For M^ =4.6 and a strut leading-edge angle of 12", 

swept shock detadment occurs for the second shock between the struts for sweep 
angle above about 53.5"; therefore shock detachment for a third shock would 
definitely occur. For M^ =4.0 and an Included angle of 12®, shock detachment 

occurs for the second shock between the struts for sweep angles above about 50®. 
For M.J = 3.0 and an Included angle of 12®, leading-edge shock detachment 

occurs for sweep angles above about 48®. Therefore, based on these observations 
of the theoretical results presented In figure 8, the strut leading-edge sweep 
angle would be chosen to be 54® for a strut leading edge Included angle of 12®. 
At the engine design Mach number of M^ « 6.0, the assumption of a Strut leading 

edge Included angle of 12® and a strut leading-edge sweep angle of 54® produces 
a throat Mach number of 3.3 (with a strut leading edge Mach number of 4.2) as 
COTipared with the throat Mach number 3.4 to 3.5 (with the strut leading-edge 
Mach number 4.54 to 5.18) for the rectangular combustor engine module. A better 
comparison between the throat Mach numbers could be obtained by the reduction 
of the strut leading-edge Included angle below the value of 12® but as already 
pointed out, 12® Is considered a lower limit. 

The remaining Inlet aerodynamic requirement Imposed on the strut section 
and strut configuration design Is that It be possible to establish supersonic 
flow between two adjacent struts for strut leading-edge Mach numbers of 2.5 
(approximate M.j » 4.0 or greater) or greater; this Imposes a maximum one- 

dimensional contraction ratio of 1.31 or less for the bay between any two 
adjacent struts. The one-dimensional contraction ratio between any two adjacent 
struts Is a function of the strut sweep. Included angle, length to chord, 
stagger or displacement (axial) relative to adjacent struts as well as the 
number of struts. The strut sweep and Included angle have been chosen to be 
54® and 12®, respectively. With these quantities specified, the strut length 
to average chord length becomes a function of strut stagger or dlsplaconent 
(axial) and the number of struts. The circumferential distribution of the strut 
leading edges around the center body Is determined by dividing 360® by the 
number of struts. Each strut, startirtg with the top center strut to the bottom 
center strut. Is displaced axially from an adjacent strut by a distance equal 
to the chord length of a sector of the center body cross section of angle 360® 
divided by the number of struts. Only even numbers of struts were evaluated 
because an odd number of struts results in there being two bottom struts (In 
the cowl region) located at the same axial location. For a 24 strut assumption, 
typical cross-sectional strut shapes at the Intersection with the center body 







9 



are presented In figure 9(a). Alsd, for the 24 strut assumption typical cross- 

P^«sented In figure 9(b) for the longest struts at 
R/H = 0.234 from the center body. Shorter struts are obtained by cutting off 
the longest struts to the appropriate lengths. The forward section of this 
strut example and all other examples considered, are determined by shocks 
similar to those shown. The shocks pass from the leading edges of two adjacent 
struts to the surface of the adjacent strut where It Is cancelled by the turning 
^11 *^®th sides of the top center strut and the lower surface 

of all other struts, except the bottom center strut, the line on the strut 
surface from outer shell to center bodly defined by the Intersection of the 
s^pt Shock becomes the throat between any two adjacent struts, and a step Is 
placed at this point In the strut surface for Injector location. 

Detailed computations for the axial variation of the one-dimanslonal 
contraction ratio between two adjacent struts wer^ made for a 16 strut assump- 

iho"crIlLJ5! In figure 10. For struts In the top half of 

the scramjet throat and without an Injector step, I.e. , struts with the larger 

ratio of strut length to chord length, the maximum one-dimensional contraction 
ratio Is shown In figure 10 to be about 1.36. The same struts, but with 
injector steps, are shown to result In a maximum one-dimensional contraction 

with an Injector step and in the lower half of the 
scramjet throat, i.e., struts with the smaller ratio of strut length to chord 
length, the maximum one-dimensional contraction ratio is shown in figure 10 to 

® 3® expansion instead of constant area 
leading edges as well as the injector step, the maximum 
one-dimensional contraction area Is shown In figure 10 to reduce to about 1.27. 

® ^^® expansion, and in order to 

llmlnate the need for the expansion the number of struts has to be Increased* 
which 1]i tu>"n Increases the ratio of strut length to chord length. For the 

one-dimensional contraction ratio for struts 
in the lower half of the engine Is shown In figure 10 to be about 1.31; a 
maximum one-dimensional contraction ratio of 1.31 was specified Initially as 
the maximum desirable one-dimensional contraction ratio between the struts. The 
strut configuration chosen consists of 24 struts whose leading edges are 

Indicated In figure 9(c). The coordinates of the inter- 
the inlet's internal surface are 

il I aIa Ih Im average maximum thickness 

^ f®/ structural Improvement over the 
module. The remaining strut design requirement, the 

wetted area, will be discussed in a following 
section on combustor design. unwwuiy 

Inlet Wetted Surface Area 

as oreSnld" shape, and strut confifuratlon 

^ne ratio of inlet Internal wetted surface area (neolectina 
spillage hole) to capture area Is given by: vnegieccing 
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‘Inlet Wet 


n» 

r Inner surfaceV. 

/^center body 1 . 


[v \ / 

V \ 1 

\ ''c /J 


wetted 


- 10.67 + 4.01. + 1.99 » 16.67 


( 2 ) 


From reference 3 the ratio of Inlet Internal wetted area to capture area of the 
Langley scramjet engine module Is approximately 13.0. 


Combustor Design 

The main restrictions on the combustor design are that It be essentially 
circular in cross section, have an ar^a ratio of 4.0 for between 5.5 and 

7.5, have an area ratio of 5.0 for below 5.5 (ref. 2*) , and a minimum of 

combustor wetted surface area. The combustor of the present engine is designed 
to have an essentially circular cross-sectional area at the trailing edge of 
the struts and becomes a circular section at the combustor exit. 

The development of a combustor which has good performance over a free- 
stream Mach number range requires the careful tailoring of schedules of c^- 
bustor area versus length with schedules of fuel burned versus length such that 
thermal choking does not occur over the Mach number range at any point in the 
combustor. In order to develop a viable combustor design. It Is necessary to 
specify the Inlet mass flow spillage. Inlet aerodynamic contraction ratio, and, 
for combustor length determination, the gap between the struts. For the design 
of the present engine It Is assumed that the inlet mass flow spillage and 
aerodynamic contraction ratio follow the same schedule as a function of M-| as 

that for the Langley scramjet engine module; In the finalized design the values 
of these two inlet parameters will have- to be determined experimentally. The 
physical gap between the struts varies from G/H = 0.031 at the strut inter- 
section with the center body to 6/H • 0.063 at the Intersection with the 
outer shell; the arithmetic average value for Q/ri Is 0.047. 

A two point combustor design was chosen; that Is, designed to be exactly 
applicable to two Mach numbers. The combustor designed for the Langley Scramjet 
modular engine was designed for « 6.0 (M^ = 5.58) and M^ » 4.0 (M-j = 3.54); 

for comparison purposes, point designs for the present engine will be developed 
and presented for the same Mach numbers. For M^ « 6.0, It Is assumed (from 

ref. 4) that the Inlet aerodynamic contraction ratio Is >.08 and spillage Is 
8,1 percent. For M^ » 4.0, It Is assumed (from ref. 4) that the Inlet aero- 
dynamic contraction ratio Is 4.05 and spillage Is 32 percent. The aerodynamic 
throat area Is given by. 
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For - 6,0, • 5.58, 


I 

Tq 


*2 - (1 - 0.081 f1.02) 
1^2 7,08 


^ a 

7 


0.13 


For . 4.0, « 3.54. 



0 - 0.32) (1.021 

or 


For « 6.0 the nondimensionallzed combustor exit area Is .^Iven by. 


( 4 ) 


( 1 : 



( 6 ) 


0.53 

For » 4.0 the nondimensionallzed combustor exit area Is given by. 
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•4 ■ 0.86 


(7) 
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Knowing the combustor exit areas (eqs. (6) and (7)) for the » 6.0 and 

4.0 cases* an area variation as a function of fuel burned* ^g* which does not 

produce combustor choki*^ must be developed. This is acconplished through use 
of an altered form of the engine performance method of reference 4. This 
altered form allows for step computations in terms of area and through the 

combustor as well as an approximate means for accounting for higher stream tube 
surface pressures (or forces) in the vicinity of the injectors. Upon obtaining 
a schedule of area versus ()>g* which does not produce choking* a realistic 

schedule of physical area versus length must be developed. This is accomplished 
through use of the relationship between the combustion efficiency* i^* versus 

tA and the relationship between the fuel burned and given by* 

C 


<^B • V 


( 8 ) 


The parameter t is the axial distance along the combustor measured from a 
line which joins the midpoints of the constant inner surface geometry section 
in the region where the struts intersect the-inner surface and L is the total 
combustor length. 

A nondimensionalized area variation* which does not produce combustor 
choking is presented in Tables III and IV as a function of (^g for = 6.0 

and 4.0, respectively. In the engine performance computations* the fuel was 

injected in two steps, 4) = 0.3 normal to the flow* and 4> « 0.7 parallel to 

the flow to give a total fuel injected corresponding to ^ = 1.0. Combustion 

efficiency at the combustor exit is assinned to be 0.95 for M =6.0 and 0.8 

00 

for = 4.0. It is assumed (ref. 17) that the combustor length is given by* 


L = 50 (G - 6 *) (9) 


which would result in lengths for = 6.0 and 4.0 that differ by a small 

^ount (due to differing displacement thicknesses* 6*). For the present 

wsign* it is assumed that 6 * is zero and the length of the combustor becomes 

50 times the average physical gap (which gives conservative combustor leno^h). 

Since this result produces the dilemma of two areas (eqs. (6) and (7)) at“the 

same combustor length* it Is then assumed that controls on combustion can be 

imposed so as to reduce total combustor length by 1/3 for M =6.0 (to 

00 ' 

33.3 G/H or L/H = 1.57) and increase total combustor length by 1/3 for = 4.0 

(to 66.7 G/H or l./H = 3.14). It is felt that this can be accomplished by 
controlling the split between parallel and normal injection of the fuel. For 
the present combustor design* it is assumed for = 6.0 the normal injection 

4> is 0.3 and parallel injection is 0.7 and for = 4.0 the normal Injection 
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Is between 0 and 0.1, and the panallel Injection bet<veen 0.9 and 1.0. Based 
on these assumptions the distribution of combustion efficiency, n^, as a 

function of t/L for * 6.0 and 4.0 Is assumed to be similar to those 

presented In figure 11 (suggested from cold mixing data, ref. 17). A realistic 
schedule of fuel burned (j>g versus i/l Is then generated by combining the 

curves of versus l/l of figure 11 with equation (8) and the respective 

total combustor lengths for « 6.0 (L/H » 1.57) and • 4.0 (L/H » 3.14). 

Upon combining the schedules of <j»g versus area from Tables III and IV with 

the respective 4>g versus t/L schedules generated from figure 11, a schedule 

^ area ydrsus ijl for which combustor choking does not occur Is obtained. 

The results obtained from these computations are presented In Tables V and VI. 


X, j i? physical combustor area variation with length It Is speci- 

fied that the areas and axial locations for the exit stations for » 6.0 

and 4.0 are to be exactly matched with those for which combustor choking does 
not occur at any point. The combustor entrance Is assumed to occur along a 
line which Is located at the midpoint of the Inner surface constant geometry 
section. This Is at a distance of AX/H =0.27 from the line of the strut 
leading edge as given In Table I. The line which defines the combustor exits 
on the engine Inner surface Is L/H » 1.57 (for « 6.0) and L/H = 3.14 

(for « 4.0) from the line which defines the entrance (Table I) on the 

engine Inner surface. The outline of the = 6.0 and = 4.0 combustor 

®xits projected on a plane normal to the center-body axis are circular and 

® Innerbody surface at the 6 = -90° plane has a 

value of Y/H = -0.368. Thus, the center of the projected circle for the 
combustor exit for = 6.0 Is on a line Y/H = 0.042 In the B « 90« plane 

T 5*^1 • center of the projected circle for the 

combustor exit for « 4.0 Is on a line Y/H = 0.16 In the B ® 90® plane 

* radius of R/H = 0.52. The combustor exit lines on the Inner surface 

of the engine are presented In Table I in terms of X/H and R/H for = 6.0 

and M^ »4.0. The physical area distribution as a function of A/L Is ~ 

presented In figure 12 and also In Tables V and VI. 


Combustor Wetted Surface Arpa 


. W.I!!? combustor wetted area Is approximated corresponding to the 

assumption of a conical shaped trailing edge which begins along a llne^ 

WH = 0.53 dwn stream of the line defined by the strut leading-edge Inter- 

Pof computational purposes the angle between the 
center body and the conical section was chosen to 
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The ratio of combustor surface wetted area to the cowl area Is given by, 



comb. w. 


( ^strut\ /^Inner \ /Center \ 


Wetted 


For M ■ 6.0 and M, = 5.58, 
00 \ 


comb* 


» 0.75 + 3.91 + 0.96 = 5.62 


(10) 


For = 4.0 and * 3.54, 


» 0.75 + 8.43 + 0.96 = 10.14 


It Is pointed out above that a combustor has also been designed “f" ^r the Langley 
scramjet engine module using essentially the same procedure. In comparison, 
the combustor for the Langley scramjet engine module has a ratio of combustor 
wetted area to cowl area of approximately 7.6 for = 6.0 and » 5.58 

and a value of approximately 12.86 for = 4.0 and = 3.54. 


CONCLUDIflQ REMARKS 





1 

♦ 

I 

1 




A concept for a n®fl/ scramjet engine design Is presented. This engine has 
a projected capture area which Is rectangular In shape with a center body which 
has a 20® Included angle cone followed by a constant diameter cylinder. The 
Inlet leading edges are. In general, swept from top to cowl with notches In 
each. The method of design of the Inlet Inner surface Is that of streamline 
tracing. The Inlet transforms the rectangular capture stream tube Into a cross 
section which Is almost circular In shape at the strut leading edges. The high 
pressure and temperature regions of the combustor are almost circular In shape 
and, thus, the benefits of hoop stresses In relation to structural weights can 
be utilized to rc-duce combustor and engine weights. The fuel struts, which are 
located In a radial array at the throat of the Inlet and at the entrance of the 
combustor, pass from the center body to the Inlet Inner surface and are swept 
54® from the cen^’er body to the Inlet Inner surface. Strut length to maximum 
average thicknes:, ratios are between 5.6 and 6.6, which represents a structural 
Improvement over the Langley scramjet engine module. Strut leading edges lie 
In a plane which Is swept from engine top to the cowl to facilitate flow spillage 
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the bottom of the Inlet during Inlet start and normal operation 

wel? ls°IIehlcU^fSJ!hL^^M Jo be a function of free-stream Mach number as 
well as vehicle forebody Mach number. For M^ » 6.0 and M^ « 5.58, the ratio 

of combustor wetted area to cowl area of the new engine design Is 5.62 as 
compared to 7.6 for the all rectangular module; for « 4.0 and M, « 3.54, 

combustor wetted area to cowl area Is 10.?4 as compared to 12 86 
This decrease In combustor wetted area Is offset somewhat by an Increase In 

combusJor desIg^LTo^ 
accomplished through experimental testing. ^ 
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Table I 

Coordinates of Inner Surface of Engine 



Inlet Leading Edge 


(S) «) 


Region of Constant Projected Geometry 

Line of Intersection of Strut 
Leading Edges with Inlet Inner Surface 


.510 
.510 
..510 
.510 
.510 
.510 
.510 
.510 
.510 
.111 
0 

.249 
.359 
0 

.0642 
.142 
.249 
52 I .317 



0 

.0623 

.193 

.264 

.368 

.449 

.517 

-.0623 

-.193 

-.264 

.632 

.632 

.632 

.632 

-.368 

-.368 

-.368 

-.368 

-.368 

-.368 

-.368 

.315 

-.147 

.147 


Coiiib. 

Comb. 

Comb. 

Entrance 

Divergence 

M • 6.0 

(s) 

(i) 

R/H » .410 
(« 

■SB 

4.542 

5.833 

BH 

4.504 

5.795 

mgm 

4.425 

5.716 

4.112 

4.386 

5.677 

4.061 

4.335 

5.626 

4.030 

4.304 

5.595 

4.310 

4.584 

5.875 

4.387 

4.661 

5.952 

4.424 

4.698 

5.989 

3.808 

4.082 

5.373 

3.747 

4.021 

5.312 

3.870 

4.144 

5.435 

3.915 

4.189 

5.480 

4.787 

5.061 

6.352 

4.751 

5.025 

6.316 

4.674 

4.948 

6.239 

4.597 

4.871 

6.162 

4.551 

4.825 

6.116 

4.532 

4.806 

6.097 

4.500 

4.774 

6.065 

4.453 

4.727 

6.018 

4.361 

4.635 

5.926 

4.178 

4.452 

5.743 



Straight Line Segments 



51.1 

.812 

.0755 

.510 

.632 

.719 

o 

CO 

.451 

.561 

51.1 

.719 

.840 

.451 

.561 

.668 

1.340 

.419 

.521 

51.1 

.668 

1.340 

.419 

.521 

.606 

1.888 

.381 

.472 

51.1 

.606 

1.888 

.381 

.472 

.570 

2.265 

.359 

.444 

51.1 

.570 

2.265 

.359 

.444 

.434 

3.698 

.274 

.338 

55.12 

.770 

.251 

.440 

.632 

.617 

1.782 

.353 

.506 

55.12 

.617 

1.782 

.353 

.506 

.436 

3.678 

.249 

.359 

48.56 

.770 

.251 

.510 

.578 

.610 

1.782 

.404 

.457 

48.56 

.610 

1.782 

.404 

.457 

.542 

2.449 

CJl 

.406 

48.56 


2.449 

.359 

.406 

.432 

3.715 

.287 

.325 

-35.84 


.848 

.510 

-.368 

.538 

1.888 

.436 

-.315 

-35.84 


1.888 

.436 

-.315 

.368 

4.202 

.298 

-.215 















































Table II 

Intersection of Strut Leading Edges 
with Internal Surface of Inlet 



















Figure 1.- Contmued. 
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Figure 1«- Concluded. 




(a).- Engine capture shape. 

Conical flow field relation^p with rectangular csq>ture 
area to circular combustor scramjet engine. 




Continued. 























Cross section of rectangular 
shaped capture flow in comical 
flow field (x/H = 3.474, A/H^ = .330 






Figure 2*- Coucluded. 



(a).- « 4.0 

Figure 3,- Turning an^e through conical shocks for center boc^ cone half 
an^e of 10° and outer bo^ intemal cone an^le of 5°. 












Continued. 
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Figure 7.- High, io v and arithmetic average values of Mach number 
in the region of the strut leading edges. 
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2 Shocks 


Wedge angle, degrees 

(a).- Arithmetic average Mach number of 5,0 at 
strut leading edge. 


1 Sliock 


2 Shocks 


fu\ i.. Wedge angle, degrees 

(b),- Arithmetic average Mach number of 4,0 at 
strut leading edge. 


1 Shock 


’2 Shocks 


u\ A Ai Wedge angle, degrees 

(c).- Arithmetic average mach number of 3.0 at 
strut leading edge. 


r2 Shocks I 


Wedge angle, degrees 
Figure 8. -(d),- Arithmetic average Mach number of 2.0 at 
strut leading e<%e. 


Sweep angle for swept shock detachment in terms of number of shocks 












jign and strut configuration 




^ — Template s 
Center body surface 










Combustion efficiency as suggested from cold flow 
mixing data. 
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